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a b s t r a c t
The dissolution method is still widely used to determine curing end-points to ensure long-term stability
of film coatings. Nevertheless, the process of curing has not yet been fully investigated. For the first time,
joint techniques were used to elucidate the mechanisms of dynamic curing over time from ethylcellulose
(Aquacoat!)-based coated tablets. X-ray micro-computed tomography (XlCT), Near Infrared (NIR), and
Raman spectroscopies as well as X-ray microdiffraction were employed as non-destructive techniques
to perform direct measurements on tablets. All techniques indicated that after a dynamic curing period
of 4 h, reproducible drug release can be achieved and no changes in the microstructure of the coating
were any longer detected. XlCT analysis highlighted the reduced internal porosity, while both NIR and
Raman measurements showed that spectral information remained unaltered after further curing. X-ray
microdiffraction revealed densification of the coating layer with a decrease in the overall coating thick-
ness of about 10 lm as a result of curing. In addition, coating heterogeneity attributed to cetyl alcohol
was observed from microscopic images and Raman analysis. This observation was confirmed by X-ray
microdiffraction that showed that crystalline cetyl alcohol melted and spread over the coating surface
with curing. Prior to curing, X-ray microdiffraction also revealed the existence of two coating zones dif-
fering in crystalline cetyl alcohol and sodium lauryl sulfate concentrations which could be explained by
migration of these constituents within the coating layer. Therefore, the use of non-destructive techniques
allowed new insights into tablet coating structures and provided precise determination of the curing end-
point compared to traditional dissolution testing. This thorough study may open up new possibilities for
process and formulation control.
1. Introduction
Functional aqueous polymer coatings are frequently used to
control drug release rates [1]. The film formation process is in-
duced from the coalescence of polymer particles for which a
post-thermal treatment, known as curing, must generally be con-
ducted to ensure long-term stability [2,3]. Currently, in vitro disso-
lution testing is commonly used to determine curing end-points
and evaluate the long-term stability of film coatings [4–6]. A com-
prehensive understanding of the mechanisms involved during film
formation is lacking as are methods of characterizing film coatings.
Some authors reported studies on isolated films to assess the influ-
ence of formulation and process parameters on film coating quality
[7,8]. However, it was shown that film properties differ from those
of film coatings when applied to substrates [9]. The use of fast non-
destructive techniques, allowing direct characterization of solid
dosage forms during the curing process, is a welcome addition
for the understanding of this crucial step.
In the present work, various techniques were investigated to
detect subtle variations and elucidate changes in the tablet coating
layer during curing. New insights into coating structures were
gained using X-ray micro-computed tomography (XlCT), X-ray
microdiffraction, and Near Infrared (NIR) and Raman spectrosco-
pies. Compared to scanning electron microscopy or mercury
porosimetry, XlCT enables non-destructive 3D visualization of
the internal structure of samples [10,11], whereas X-ray diffraction
allows a non-invasive means of probing information on
crystallinity [12,13]. In this study, X-ray techniques were coupled
to high-intensity synchrotron radiation, giving access to faster data
acquisition and more accurate information relative to conventional
X-ray sources [14]. NIR and Raman analyses are frequently
employed to characterize solid dosage forms [15,16] and monitor
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real-time pharmaceutical processes [17]; very few NIR or Raman
studies, however, describe spectral changes induced upon curing
[18–20].
For this study, a functional polymer combination of ethylcellu-
lose/poly(vinyl-alcohol)-poly(ethylene–glycol) graft copolymer,
using triethylcitrate as plasticizer, was chosen as the coating
material to modulate drug release rate from matrix tablets and
thus acting as a diffusion barrier. Dissolution studies previously
demonstrated stable controlled drug release profiles from pellets
coated using this polymer combination, which were subjected to
either static or dynamic curing conditions [21,22]. Curing is often
performed under static conditions in an oven, but can be carried
out preferably within the coating equipment under dynamic condi-
tions to eliminate additional tablet transfer steps [22]. In the pres-
ent work, dynamic curing was carried out at 60 "C and ambient
relative humidity. Drug release properties from cured coated
tablets were evaluated to confirm dynamic curing performances.
In accordance with current pharmaceutical development regu-
lations based on ICH Q8 recommendations [23], the aim of this
work was to determine curing end-point with accuracy to ensure
film coating stability and thus improve the overall understanding
of formulation and processing steps. A new insight into the coating
structure of tablets subjected to different dynamic curing times
was provided by combining results from the aforementioned
techniques.
2. Materials and methods
2.1. Materials
Hydrophilic matrix tablets of biconvex shape (with a diameter
of 8 mm, a radius of curvature of 7 mm, and an average mass of
200 mg), made from hypromellose and calcium hydrogenophos-
phate as main excipients, containing a freely soluble drug sub-
stance were supplied by Les Laboratoires Servier Industrie (Gidy,
France).
Aqueous ethylcellulose dispersion (Aquacoat ECD 30!, FMC
Biopolymer, Philadelphia, USA), poly(vinyl-alcohol)-poly(ethyl-
ene–glycol) graft copolymer (Kollicoat IR!, BASF, Ludwigshafen,
Germany), and triethylcitrate (Citroflex 2!, Morflex, Greensboro,
USA) were purchased as coating materials.
The commercially available aqueous ethylcellulose dispersion
also contains cetyl alcohol as emulsifier (concentration range:
1.7–3.3% w/w of total solids) and sodium lauryl sulfate as surfac-
tant (concentration range: 0.9–1.7% w/w of total solids) [24]. Ethyl-
cellulose powder (Ethocel! Standard 10, Dow Chemical Company,
Midland, USA), cetyl alcohol (Sigma–Aldrich, Buchs, Switzerland),
and sodium lauryl sulfate (Texapon! K 12 G PH, Cognis, Düsseldorf,
Germany) were used as crystallographic and spectroscopic
references.
2.2. Coating operation
The coating suspension was prepared with an Aquacoat ECD
30!:Kollicoat IR! ratio of 90:10 w/w (expressed as dry masses).
Aquacoat ECD 30! was plasticized overnight with Citroflex 2!
(1:4 w/w, based on ethylcellulose content), under continuous
agitation (Rayneri! apparatus, 200 rpm). An aqueous solution of
Kollicoat IR! was then added to adjust the final solid content at
20% (w/w). The actual coating suspension was mixed for an addi-
tional period of 30 min prior to coating and stirred throughout
the coating operation (Rayneri! apparatus, 100 rpm). Approxi-
mately 4 kg of preheated tablets (20 min at 40 "C) were coated
inside a partially perforated pan coater (Driacoater 500!, Driam,
Eriskirch, Germany) using a spray nozzle with a diameter of
0.8 mm at a rotation speed of 20 rpm. The inlet temperature was
set at 63 "C to maintain a product temperature of 36 "C during
coating. Tablet bed temperature was controlled using a hand-held
infrared temperature probe, regularly placed at the surface of the
tablet bed of the pan coater (Fluke 574, Fluke Corporation, Everett,
USA).
The process was stopped after spraying polymer blend equiva-
lent to 10% theoretical weight gain (w/w expressed as percentage
of core tablet mass). At the end of the coating operation, a fraction
of uncured tablets was collected, together with a sample of dried
coating suspension removed from the inner surface of the pan
coater.
2.3. Curing operation
Coated tablets remaining inside the pan coater were subjected
to dynamic curing. The rotation speed was reduced to 10 rpm to
prevent tablet damage. The inlet temperature was gradually in-
creased to 65 "C to attain a steady product temperature of 60 "C
throughout the curing operation. Tablet bed temperature was con-
trolled using an infrared thermometer (Fluke 574, Fluke Corpora-
tion, Everett, USA). No additional water was sprayed. Tablets
were collected at different time intervals over 6 h (0.5, 1, 2, 4,
and 6 h).
2.4. Drug release studies
In vitro drug release from uncured and cured tablets was evalu-
ated using the USP apparatus 2 dissolution system (AT7 Smart Off-
line, Sotax, Allschiwtz, Switzerland), in 0.05 M phosphate buffer at
pH 6.8 (1000 ml dissolution medium, 37 "C, paddle rotational
speed = 50 rpm, 3 tablets analyzed per condition). At appropriate
time intervals, 10 ml samples were withdrawn over a 16 h period
and analyzed by UV spectrophotometry at 230 nm (Agilent 8453
UV–visible spectroscopy system, Hewlett Packard, Waldbronn,
Germany).
To assess long-term storage stability, cured tablets were stored
in closed polypropylene vials at 25 "C and 60% RH (ambient condi-
tions) and at 40 "C and 75% RH (stress conditions). Drug release
was measured before and after 6 months storage for stress condi-
tions and after 18 months storage for ambient conditions.
Comparison between drug release profiles was carried out using
the similarity factor (f2) [25], given by the following equation:
f2 ¼ 50: log 1þ ð1=nÞ
Xn
t¼1
ðRt % TtÞ2
" #% 0:5
& 100
0@ 1A ð1Þ
where n is the number of time points, Rt denotes the percentage of
drug released of the reference condition at time t, and Tt is the
percentage of drug released from the test condition at time t.
Dissolution profiles were considered similar for f2 values
between 50 and 100 [26].
2.5. X-ray micro-computed tomography (XlCT) measurements
High-resolution X-ray micro-tomography acquisitions [27]
were performed on beamline ID19 at the European Synchrotron
Radiation Facility (Grenoble, France). Each data collection con-
sisted in a set of 1200 radiographies acquired in 0.15 degree incre-
ment over 180 degrees of rotation of the sample specimen. The
detector resolution was 0.28 lm, leading to a reconstruction with
an isotropic voxel size of 0.28 lm. The 17.6 keV incident X-ray
parallel beam was truncated to the dimensions of 600 lm
(wide) & 300 lm (high). A Fast Readout Low Noise – FreLoN
– 14 bit CCD camera [28] was set at 12 mm from the sample to
increase the propagation distance and, therefore, to enhance the
phase contrast. 3D images were reconstructed using a standard fil-
tered back projection algorithm. No further image treatment was
necessary. The reconstructed volume was a cylinder of 600 lm in
diameter and 300 lm in height. Measurements were carried out
in a non-destructive and non-invasive way, that is, from intact tab-
lets without any sample preparation. However, due to the limited
size of the X-ray beam, only part of the coating was analyzed.
Both uncured and cured tablets were analyzed (2 tablets per
sample). Quantitative analysis of coating porosity, expressed as
the ratio (Volume of pores)/(Total Volume), was performed from
a basic segmentation of the reconstructed volume using threshold
adjustment and manual refinement. A representative coating vol-
ume of 2048 & 2048 & 200 (pixels3) was selected from all samples
and then analyzed with VGStudio MAX 2.1 software. The 200 pix-
els corresponded to a thickness of 56 lm chosen in the middle of
the coating in order to avoid artifacts from the surface or from
the interface zone with the tablet core.
2.6. Spectroscopic measurements
2.6.1. Near infrared measurements
NIR spectral acquisitions were performed with a BUCHI NIRFlex
N500 spectrometer (BUCHI Labortechnik AG, Flawil, Switzerland)
in the diffuse reflectance mode. The illumination spot diameter
was 4 mm. Spectra were acquired over the wavelength range of
12,200–4000 cm% 1, at a spectral resolution of 16 cm% 1 and accu-
mulated over 128 scans. NIR acquisitions were carried out on the
top of one tablet face, at approximately the same location for all
samples. Tablets were positioned on a sample plate allowing
accurate and repeatable NIR acquisitions. Fifteen tablets, including
uncured tablets, were analyzed for each dynamic curing time.
Spectral acquisition was performed using BUCHI NIRCal!
5.2.3000 software (BUCHI, Flawil, Switzerland).
2.6.2. Raman measurements
Raman spectral acquisitions were performed with a HR Labram
microspectrometer (Horiba Jobin Yvon, Lille, France). The excitation
source was a 785 nm single-mode diode laser generating approxi-
mately 50 mW on the sample. The microspectrometer was
equippedwith anOlympusmicroscope, andmeasurementswere re-
corded using a 50& MPlan objective (spot size laser ' 10 lm). Light
scattered by the sample was collected through the same objective.
Using a Notch filter, the elastically scattered photons were sepa-
rated from the Raman signal. A multichannel CCD detector
(1024 & 256 pixels2) detected the Raman Stokes signal dispersed
with a spectral resolution of 2 cm% 1 by a holographic grating
(600 grooves/mm). The spectral range was from 500 to 1800 cm% 1.
All spectra were acquired at a total laser light exposure time of
2 & 30 s per collected spectrum. Each component of the coating sus-
pension and a sample of dried coating suspension were analyzed to
assign Raman bands in film coating spectral information. A total of
9 spectra were then acquired from both uncured and cured tablets
(3 tablets per condition and 3 acquisitions per tablet at different
positions on the surface). Spectral acquisition was carried out using
Labspec5 software (Horiba Jobin Yvon SAS, Lille, France).
2.6.3. Spectral data analysis
All Raman and NIR data were exported from Labspec5 software
and BUCHI NIRCal! software, respectively, and analyzed using
Matlab! 7.8, R2009a software (The MathWorks Inc., Natick, USA)
and PLS Toolbox 5.8.3 (Eigenvector Research Inc., Wenatchee, USA).
Raman spectra were pre-processed using baseline correction
[29] and normalization based on the highest peak intensity [30].
NIR spectra were pre-processed using Savitzky–Golay smooth-
ing (filter width of 9 points and a second-order polynomial fitting)
[31] and second derivative. A multivariate qualitative analysis was
performed from pre-processed NIR spectra using Principal Compo-
nent Analysis (PCA). This method defines the significant sources of
variance within the samples as a series of principal components
(PC) [32]. The study of PCA scores based on the relative contribu-
tion of each spectrum on the PC construction highlights the rela-
tionship between samples.
2.7. X-ray microdiffraction measurements
Experiments were performed at the European Synchrotron Radi-
ation Facility (Grenoble, France) on the microfocus beamline ID13
[33]. The high intensity monochromatic beam (energy 12.41 keV),
obtained from an in-vacuum undulator and a Si(1 1 1) double-
crystal monochromator, was focused with an ellipsoidal mirror
(focal spot 20 (wide) & 40 (high) lm2) and a size-limited down to
a 1.2 lm diameter section by Kirpatrick–Baez optics. A two-pieces
guard aperture (Pb, about 10 lm square aperture) was used to
reduce the diffuse scattering from the exit of the collimator.
Samples were mounted on a motorized gantry coupled with a
microscope allowing sample positioning with a resolution close to
0.1 lm. The experiments were carried out in transmission geome-
try with a sample-detector distance of 164.9 mm, calibrated using
silver behenate (first order spacing 58.38 Å). 2D X-ray scattering
patterns were recorded from 0.01 to 0.5 Å% 1 on a MAR-CCD camera
(16 bit readout; 130 mm entrance window; 2048 & 2048 pixels2;
pixel size of 78.94 & 78.94 lm2) with a beam-stop diameter of
approximately 200 lm. The data collection procedure consisted of
a series of 50 shots collected along a 150-lm long line perpendicu-
lar to the coating surface at the level of the tablet band, penetrating
progressively into the coating with a 3 lm step size. Time exposure
for recording one shot was 1 s. No radiation damage effect was de-
tected in the scattering pattern for this exposure time. The diffrac-
tion experiments were performed on 4 tablets prior to curing and
following 4 h of dynamic curing (2 tablets per condition). To ensure
the representativeness of the results obtained along a single scan, a
series of 20 scans from a distance of 50 lm were also collected,
leading to a 2D image of the crystalline structure of the coating
layer.
To identify the diffraction peaks, additional experiments were
carried out on pure crystalline components present in the coating
formulation inserted in a 1-mm diameter glass capillaries using a
conventional laboratory set-up: Rigaku rotating Cu anode
(50 kV, 100 mA), beam energy 8.04 keV, beam size 0.6 & 0.6 mm2,
distance sample-detector 250 mm, MAR-CCD 2300 image plate
detector, resolution 0.15 & 0.15 mm2, exposure time 100 s.
3. Results and discussion
3.1. Dynamic curing effect on drug release and storage stability
Fig. 1 represents drug release profiles obtained from tablets
collected at the end of the coating operation and at regular time
intervals during dynamic curing. Approximately 10% of theoretical
polymer blend (w/w expressed as percentage of core tablet mass)
was applied to obtain controlled release of the drug studied over a
16-h period. As expected, a significant decrease in drug release was
observed between uncured and cured coated tablets regardless of
curing time (38 < f2 < 45). This confirmed that film formation was
incomplete immediately after coating. However, identical dissolu-
tion profiles were obtained irrespective of curing time
(75 < f2 < 97). Therefore, even short dynamic curing periods at
60 "C and ambient relative humidity could be efficient to obtain
fully coalesced film coatings.
Storage stability was then conducted to confirm complete film
formation after dynamic curing. Recently, long-term stable film
coatings prepared from similar coating suspension (15% ethylcellu-
lose:Kollicoat IR! 85:15) were obtained after 2 h of dynamic curing
in a fluidized bed at 57 "C/15% RH [22]. In the present study, long-
term storage stability of tablets coated with 10% ethylcellu-
lose:Kollicoat IR! 90:10 and dynamically cured for 2 h at 60 "C
and ambient RH was verified. As it can be seen in Fig. 2, drug re-
lease rates from cured tablets stored for 6 months under stress
conditions and 18 months under ambient conditions were con-
stant (f2 = 85 and 84, respectively). In addition, stable film coatings
for 4 h dynamically cured tablets were also obtained (Fig. 2), under
both ambient (f2 = 77) and stress conditions (f2 = 95).
Drug release profiles were stable even under elevated condi-
tions of temperature and humidity. The high stability of the film
coating and the efficiency of the dynamic curing operation were,
therefore, confirmed.
Dissolution testing is currently the most widely used method to
evaluate curing performances directly from coated solid dosage
forms. However, it remains a destructive and time-consuming
operation giving access to overall information on both the sub-
strate and the coating layer. For a better understanding of film for-
mation, new techniques were investigated to overcome dissolution
drawbacks and provide a further insight into film coating structure
irrespective of tablet core.
3.2. Non-destructive determination of internal coating structure using
XlCT
X-ray micro-computed tomography was used to provide infor-
mation about the internal coating porosity of uncured and cured
tablets. Currently, this information can be assessed using conven-
tional but destructive microscopic techniques associated with im-
age analysis. Whilst mercury porosimetry can determine the
presence of pores within a solid dosage form directly, it cannot de-
tect closed pores. In contrast, both open and closed pore popula-
tions can be obtained by XlCT measurements [10].
Typical reconstructed XlCT cross-sectional images are shown
in Fig. 3. These 2D images are representative of all recorded acqui-
sitions for the two tablets analyzed per condition and of all cross-
sectional images recorded for the 3D imaging reconstruction
(1200 X-ray radiographies). The use of monochromatic synchro-
tron X-ray radiation provided a relevant contrast between the tab-
let core and the coating layer thanks to the phase contrast mode,
thus allowing an accurate insight into the coating layer.
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Fig. 1. Effect of curing time on drug release from tablets coated with ethylcellu-
lose:Kollicoat IR! 90:10 (10% coating level) and cured inside a pan coater at 60 "C
and ambient RH. To not overload the figure, standard deviations were not
represented but were included between 2% and 4% of released drug.
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Fig. 2. Storage stability of dynamically cured tablets before and after 18 months under ambient conditions and 6 months under stress conditions (as indicated in the figures).
The storage conditions are shown at the top, the curing time on the left.
The non-destructive XlCT analysis highlighted the presence of
micropores that gradually decreased as curing time continued. Un-
cured tablets and tablets cured for as long as 2 h (Fig. 3A–D) were
characterized by the presence of numerous micropores within the
coating layer and by a coating surface with a high roughness. A
qualitative analysis revealed the existence of two types of microp-
ores presenting either (i) a spherical shape with a characteristic
diameter of around 5 lm or (ii) a broader and flatter shape. Quan-
titative volume analysis demonstrated that uncured and 0.5 h
dynamically cured tablets presented similar porosities (' 0.20% v/
v), while a 2-h curing period led to lower porosity (' 0.14% v/v).
In contrast, tablets cured for longer times (Fig. 3E and F) presented
coating layers with a much lower porosities (' 0.03% v/v) and
smoother surfaces.
These results suggested that 4 h of dynamic curing could lead to
a more reduced coating permeability than the coating permeability
obtained after 2 h of curing. A slower drug release could thus be
expected. However, the observed variations in coating porosity
were not correlated with dissolution profiles, which exhibited sim-
ilar release patterns from all cured tablets. Therefore, XlCT al-
lowed the detection of more subtle variations within film coating
during dynamic curing in comparison with dissolution. This X-
ray technique can successfully be carried out to provide a deeper
insight into film coating structures, independently of substrate
properties. Interestingly, more accurate determination of curing
end-point could be assessed by combining results from XlCT coat-
ing porosity and long-term drug release.
3.3. Monitoring of dynamic curing by near infrared and Raman
spectroscopies
3.3.1. Near infrared analysis
NIR spectra were recorded from uncured and cured tablets. Pre-
processed NIR spectra are represented in Fig. 4. Spectral evolution
was observed with respect to curing times. Variations in absor-
bance were observed in two characteristic NIR regions over the
ranges 5060–5380 cm% 1 (region A, Fig. 4) and 6970–7190 cm% 1
(region B, Fig. 4). Both NIR regions identified are characteristics
of combination and overtone bands of water due to stretching
and deformation vibrations of the OH groups [34]. Observed
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Fig. 3. Representative micro-tomographic images obtained from coated tablets (A)
prior to curing and following various dynamic curing times: (B) 0.5 h, (C) 1 h, (D)
2 h, (E) 4 h, and (F) 6 h.
Fig. 4. Pre-processed NIR spectra of coated tablets prior to curing and undergoing
dynamic curing until 6 h (as indicated in the figure). Enlarged areas A and B
correspond to NIR spectral regions of interest where absorbance varies in a
progressive way according to curing time. Arrows indicate the increase in curing
time. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
changes could, therefore, be related to the presence of water in film
coating. No other NIR spectral variations were detected over the
entire spectral range that could be linked to curing times.
PCA was performed to highlight the relationship between sam-
ples exhibiting spectral variations observed within both of the se-
lected NIR regions. As seen in Fig. 5, an obvious discrimination
between samples was obtained on PC2, related to relevant infor-
mation from uncured and cured tablets. Uncured tablets were
clearly separated from cured tablets. Spectra corresponding to cur-
ing times ranging from 0.5 to 4 h were also separated in distinct
groups, while spectra for longer curing times were clustered in a
same area. This result confirmed that sample classification based
on curing times could be correlated with the removal of water
trapped within the coating layer during coating. In addition, this
NIR spectral analysis demonstrated the efficiency of a 4-h dynamic
curing period to achieve constant spectral information.
Nevertheless, NIR results obtained both from spectral observa-
tions and PCA were not directly related to dissolution results that
did not appear significantly different from all cured tablets. Simi-
larly to XlCT, NIR spectroscopy allowed the detection of finer vari-
ations in coating structure than dissolution. This vibrational
technique could, therefore, be used in association with dissolution
testing to determine optimal curing end-point in order to strength-
en the control strategies of final product quality.
Furthermore, previous studies also reported NIR changes during
the curing of acrylic coatings. However, these changes, observed
for a different coating formulation, were either attributed to the
addition of an acidic polymer (Eudragit L!), resulting in ionic inter-
actions between functional groups of Eudragit! RS:RL 30D [18], or
caused by the N-R swinging of quaternary ammonium groups pro-
moted by high humidity and temperature, required for acrylic
coatings, during curing [19]. In the present study, NIR spectroscopy
was efficiently used to monitor dynamic curing operation from
tablets coated with an ethylcellulose based-coating suspension.
Its ability to highlight changes in water content between uncured
and cured tablets was demonstrated. It can be noticed that curing
was performed at ambient relative humidity. Nevertheless, in
some situations, high humidity during curing may be required to
obtain long-term stable film coatings [22]. Therefore, in such a
case, the use of NIR spectroscopy would have to be evaluated inde-
pendently and it may not be suitable to monitor changes in water
content as the high humidity would dominate the spectrum.
NIR spectroscopy is a well-known technique to monitor water
content and provides detection limit as low as 0.1% (w/w) [35].
Nonetheless, this high sensitivity to moisture could mask other
more subtle changes in the polymer formulation that might take
place in parallel. Raman spectroscopy was, therefore, used as a
complementary vibrational technique to characterize the polymer
structure prior to and following dynamic curing.
3.3.2. Raman analysis
Raman spectra of each excipient in the coating formulation, that
is, cetyl alcohol (Fig. 6a), sodium lauryl sulfate (Fig. 6b), graft
copolymer PVA-PEG (Fig. 6c), triethylcitrate (Fig. 6d), and ethylcel-
lulose (Fig. 6e), were initially acquired. Dried coating suspension
was then analyzed to identify Raman bands from each coating
component (Fig. 6f).
Spectral analysis revealed ethylcellulose to be the main compo-
nent in film coating; nonetheless, specific Raman bands arising
from the presence of other components were also observed, as
indicated in Fig 6f. The peak at 870 cm% 1 was assigned to
m(CAOAC) stretching vibration from triethylcitrate or graft copoly-
mer PVA–PEG [34,36]. Peaks at 1063 cm% 1, 1080 cm% 1, 1100 cm% 1,
and 1297 cm% 1 were attributed to m(CAC) stretching vibration
from cetyl alcohol and sodium lauryl sulfate [36–39], while the
peak at 1738 cm% 1 was attributed to m(C@O) stretching vibration
from triethylcitrate [36].
Raman spectra of uncured and cured tablets after various dy-
namic curing times were acquired and compared. The intensity
of the peak at 1080 cm% 1 decreased as curing proceeded, to disap-
pear entirely after 4 h. This can be seen quite clearly in Fig. 7 rep-
resenting the peak area, calculated between 1075 and 1085 cm% 1,
as a function of curing time. This specific Raman band at
1080 cm% 1 was assigned to the m(CAC) stretching mode in the
gauche conformation [37] and may be attributed to either cetyl
alcohol or sodium lauryl sulfate. As expected, it can be concluded
that no chemical reaction occurred during curing as no new chem-
ical entity was identified. Curing led only to a structural rearrange-
ment showing a decrease in the gauche conformers along the alkyl
chains, resulting in denser and more organized coating structure
with lower permeability for water and drug. Consequently, a
Fig. 5. PCA scores plot obtained from pre-processed NIR spectra of uncured tablets
and tablets dynamically cured until 6 h. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Raman spectra of (a) cetyl alcohol, (b) sodium lauryl sulfate, (c) graft
copolymer PVA-PEG, (d) triethylcitrate, (e) ethylcellulose, and (f) dried powdered
sample of film coating. Arrows indicate Raman bands related to the presence of
other components in coating suspension in addition to ethylcellulose.
slower drug release rate could be expected for long curing times.
However, dissolution results did not show significant changes in
drug release with increased curing times. Raman results, therefore,
revealed more subtle variations in film coating structure during
dynamic curing and indicated a stable coating structure after a 4-
h curing period.
Interestingly, real-time and in-line spectroscopic measure-
ments could be successfully performed inside a coating apparatus
to monitor dynamic curing, in accordance with current pharma-
ceutical development regulations and Process Analytical Technol-
ogy control strategies [23,40]. NIR and Raman techniques are
commonly employed to control and monitor various real-time
pharmaceutical processes [17]. To our knowledge, no study up un-
til now has reported in-line monitoring of dynamic curing with the
selected coating formulation. Therefore, these results highlighted
the potential of both NIR and Raman spectroscopies for the control
and the monitoring of this pharmaceutical unit operation.
In addition, optical microscope images were recorded of the
surface of uncured tablets (Fig. 8), showing some coating heteroge-
neity. Specific Raman bands from darker areas, as observed in
Fig. 8b, were identified and attributed to higher concentrations of
cetyl alcohol (Fig. 8a), while these bands were attenuated for spec-
tra acquired from lighter areas (Fig. 8c). As curing proceeded, a
quantitative decrease in darker areas was observed. The melting
of cetyl alcohol (melting point between 45 and 52 "C [41]) is likely
to occur during curing, thus leading to its partial diffusion at the
surface or inside the coating layer. This would favor the improve-
ment of coating homogeneity with curing.
Recently, Yang described similar coating heterogeneity from
Aquacoat!-based free films, prepared by a spraying technique,
after a static curing of 1 h at 60 "C [20]. The author suggested the
existence of crystalline cetyl alcohol agglomerates to explain
non-homogeneous distribution within the coating. On the other
hand, Schmid et al. [42] using X-ray investigations observed cetyl
alcohol in Aquacoat! to be in the amorphous state.
Based on these studies, X-ray microdiffraction measurements
were conducted to elucidate the non-homogeneous distribution
of cetyl alcohol and to identify its potential crystalline evolution
during the curing operation.
3.4. Crystalline composition of coating layer using X-ray
microdiffraction
In this study, X-ray diffraction using synchrotron radiation was
performed at the microscale to identify the crystalline composition
of the coating layer and to gain a better understanding of coating
heterogeneity.
3.4.1. Identification and distribution of crystalline components within
the film coating layer
Fig. 9 illustrates representative diffraction patterns obtained
from uncured tablets. The series of patterns collected during a scan
perpendicular to the coating clearly showed a progressive change
of scattering features from the coating surface up to the interface
with the tablet core. In fact, each pattern consisted of the sum of
the scattering contributions from all the matter located long the
beam path. Therefore, close to the coating surface, the signal only
arose from the surface. However, due to the tablet curvature, the
contribution of the internal coating structure became more and
more important when going deeper into the coating. The depth
resolution was thus not perfect. In this work, measurements were
carried out in a non-destructive way without microtoming the tab-
lets. Such data collection could have complicated considerably the
data analysis; nevertheless, the changes of the scattering features
were well marked, leading to the straightforward interpretation
Fig. 7. Evolution of peak area, calculated between 1075 and 1085 cm% 1 from Raman
spectra as a function of dynamic curing time, ranging from 0 (uncured) to 6 h. Mean
area values obtained from 9 spectra, associated with its standard deviation, are
represented per curing time.
Fig. 8. Raman spectra of (a) cetyl alcohol, (b) darker areas, and (c) lighter areas
corresponding to distinct regions observed on optical microscopic images from
uncured tablets (size: 614 & 460 pixels2).
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Fig. 9. X-ray microdiffraction patterns corresponding to inner and outer coating
zones, as indicated on the schematic representation of uncured and 4 h dynamically
cured coated tablets.
of the pattern evolution. The patterns exhibited mainly broad dif-
fuse rings, corresponding to amorphous components, plus a series
of sharp diffraction arcs/rings corresponding to crystallized com-
ponents. The progressive change of these sharp diffraction features
can be interpreted by the existence of two zones: an outer zone
close to the tablet surface and an inner zone in contact with the
tablet core (Fig. 9), which clearly indicated a difference in coating
compositions.
The comparison between the outer and inner intensity profiles
for uncured samples, obtained by circular integration, is given in
Fig. 10. The intensity profiles are also shown of the three main
crystallized or partly crystallized components in the initial coating
composition: ethylcellulose, sodium lauryl sulfate, and cetyl
alcohol.
It can be noticed that the relative intensities of the peaks in the
coating were different from those of the pure components, firstly
because of the non-uniform spatial orientation of the crystallites
in the coating, and secondly and most importantly because of dif-
ferent concentrations of the components. Nevertheless, the posi-
tions of most diffraction peaks of the coating corresponded to the
peaks of these three components. In addition, the slight shift in po-
sition that was observed for a few peaks and the presence of a few
extra peaks revealed the existence of a structural change during
film coating formation, such as polymorphism and/or phase
mixing.
Furthermore, main diffraction peaks in the outer zone of the
coating corresponded to a lamellar thickness packing of 45 Å, and
the two most intense WAXS peaks at 4.15 Å and 3.68 Å were typi-
cal of a rectangular organization in the plane of the layers. The
comparison with the patterns of the pure components demon-
strated that these diffraction features were characteristic of cetyl
alcohol. The inner zone also showed diffraction peaks from a
lamellar system with a layer thickness of 41.5 Å and two main
WAXS peaks at 4.32 Å and 4.10 Å. They corresponded to the fea-
tures of sodium lauryl sulfate. With regards to ethylcellulose,
which only displayed a sharp but weak peak (about 7.8 Å), it was
evenly distributed though the coating except in the 10-lm thick
outer surface where it was missing.
An opposite behavior of sodium lauryl sulfate and cetyl alcohol
emerged from these observations. Crystalline cetyl alcohol was
mainly found in the outer part of the coating and its concentration
decreased progressively when going toward the deeper parts of the
coating. On the contrary, the concentration of sodium lauryl sulfate
was low close to the surface of the coating and increased in the
deeper parts. Therefore, the existence of two zones was clearly
highlighted and could be inferred: an outer zone with high cetyl
alcohol content, low sodium lauryl sulfate content, and no ethyl-
cellulose on the extreme surface, and an inner ethylcellulose zone,
rich in sodium lauryl sulfate with a low cetyl alcohol content.
In agreement with Yang’s suggestions [20], X-microdiffraction
results confirmed a non-homogenous distribution of crystalline ce-
tyl alcohol observed by microscopic imaging and Raman measure-
ments. In addition, an unexpected distribution of crystalline
sodium lauryl sulfate within the coating layer was also highlighted.
The homogeneity of coating suspension was checked prior to and
during coating. Therefore, the main reason may be related to an
upward migration of cetyl alcohol associated with a downward
migration of sodium lauryl sulfate in coated tablets during coating.
Taking into account the observations of Schmid et al. [42] who
reported that cetyl alcohol and sodium lauryl sulfate were molec-
ularly dispersed in Aquacoat! and thus in the amorphous state, it
could be assumed that these two components crystallized during
coating.
3.4.2. Influence of curing on crystalline coating structure
Analysis of 4-h dynamically cured samples did not reveal any
significant changes in the scattering intensity profiles, except for
the thickness of the lamellar system attributed to cetyl alcohol lay-
ers which decreased by 1 Å. The two-zone coating was still present
with the same characteristics. This result confirmed that melted
cetyl alcohol present at the coating surface was spread over the
coating surface during curing and did not diffused deeper within
the coating layer, as initially suggested by microscopic and Raman
observations.
As previously mentioned, conducting diffraction experiments
without sectioning tablets limits precise determination of concen-
tration profiles due to the superposition of diffraction contribu-
tions along the X-ray beam path. However, one can roughly
estimate that the outer and inner zone thicknesses are, respec-
tively, 30 lm and 70 lm. These values were fairly constant along
the 1-mm long zone which was analyzed in 2D. Nevertheless, the
overall coating thickness decreased by about 10 lm during curing,
indicating a denser coating layer.
In addition to this result, differences in the orientation of cetyl
alcohol crystallites in the outer coating were observed in cured
tablets. Without curing the equatorial position of the SAXS arcs
(perpendicular to the coating plane), combined to the meridional
position of the WAXS arcs clearly indicated that the cetyl alcohol
layers lie mainly parallel to the coating surface (Fig. 9). After 4-h
dynamic curing, the arcs tend to transform into circles, indicating
a random orientation of the layers. This observation can be inter-
preted as a melting/recrystallization phenomenon induced by the
heat-cooling cycle of cured tablets.
A new insight into the internal coating structure was provided
prior to and following curing, revealing the crystalline distribution
of coating components without requiring destruction of samples.
Interestingly, results highlighted the existence of two coating
zones presenting different concentrations in crystalline cetyl alco-
hol and sodium lauryl sulfate, irrespective of curing.
4. Conclusions
Deeper insights into film coating structures from dynamically
cured tablets were highlighted using non-destructive techniques.
XlCT, NIR, and Raman analyses revealed more subtle variations
occurring in coating layers during curing compared with usual dis-
solution testing. It was demonstrated that stable film coating
structures could be obtained after a 4-h dynamic curing period.
Interestingly, and even prior to curing, unexpected distributions
of two crystalline components, cetyl alcohol and sodium lauryl sul-
fate, within coating layers were observed from X-ray microdiffrac-
Fig. 10. X-ray microdiffraction patterns of (a) cetyl alcohol, (b) sodium lauryl
sulfate, (c) ethylcellulose, (d) outer, and (e) inner coating layers obtained from
uncured coated tablets. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
tion measurements. Further, quantitative investigations would be
required to fully elucidate these observations and determine their
impact on the properties of film coating structures. Nonetheless,
the aforementioned techniques can efficiently be used to provide
a better understanding of curing process, leading to relevant deter-
minations of curing end-points.
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